Wintertime climate around Hokkaido is highly sensitive to fluctuations in snow and sea-ice. We examined future climate change in heavy snowfall region around Hokkaido, using the Pseudo-Global-Warming method (PGW) by a regional climate model. The boundary conditions of the PGW run were obtained by adding the difference between the future (2090s) and past (1990s) climates simulated by coupled general circulation models, into the 6-hourly reanalysis and daily sea surface temperature data. The PGW experiments show that snow depth decreases significantly over mountainous areas. However, snow cover decreases mainly over plain areas, which accelerates surface warming due to the decreased snow albedo. Despite the snow reductions, precipitation increases over the mountainous areas because of enhanced water vapor content. However, precipitation decreases over the Japan Sea and neighboring the coastal areas, suggesting a weakening of the convergent cloud band which is formed by convergence between cold northwesterly from the Eurasian continent and anticyclonic circulation over the Okhotsk Sea. Our results indicate the contrasting cloud responses to future climate change over the Japan and Okhotsk Seas in terms of meso-scale climate system.
Introduction
Snow/ice albedo and cloud-radiative feedbacks are critical for climate change prediction in cryosphere regions. Surface albedo in cryosphere regions changes significantly on future climate because of fluctuations in snow and sea-ice. Moreover, fluctuations in atmospheric constituents, most likely clouds, result in variability in the albedo of the atmosphere and precipitation. However, future trends in snow and sea-ice are significantly different among GCMs (e.g., Hall and Qu 2006; Stroeve et al. 2007 ). Thus, surface albedo in cryosphere regions is one of the uncertainties in climate change prediction.
Northern Japan is one of the regions in the world where the heaviest snowfall occurs. Wintertime precipitation variability in the northwestern coast of Japan is dominated by the East Asian winter monsoon system (e.g., Matsumura and Xie 1998) , and is also affected by the Tsushima Warm Current (Hirose and Fukudome 2006) and fine-scale structure of sea surface temperature (SST) of the Japan Sea (Iizuka 2010) . Hokkaido Island is bounded on the north by the Okhotsk Sea, which is the southernmost ocean in Northern Hemisphere covered with sea ice during winter. Although wintertime climate around Hokkaido is highly sensitive to fluctuations in snow and sea-ice, few studies have considered the snow/ice albedo and cloud feedbacks for future climate change projection.
The present study aims to examine snow/ice and cloud responses to future climate change in heavy snowfall region around Hokkaido. To this end, it is necessary to resolve orographic enhancement for discussing heavy snowfall along northwestern side of Japan using a regional climate model (RCM). Moreover, it is useful for regional climate change projection to apply the PseudoGlobal-Warming (PGW) method (e.g., Kimura and Kitoh 2007; Sato et al. 2007 ). The PGW method can exclude the model bias contained in each GCM, and is applicable to multiple dynamical downscaling experiments using multiple GCMs because it requires only monthly mean atmospheric variables in GCMs (Sato et al. 2007 ). Here, we perform two PGW experiments using two GCMs in order to discuss uncertainty or similarity of the future climate projection. Additionally, 10-year integrations for either of past and future climate contribute to reduce uncertainty in the future projection that may be caused by the interannual variation.
Model experiments
We used the Weather Research and Forecasting (WRF) model version 3.2 with the Advanced Research WRF (ARW) dynamic core (Skamarock et al. 2008) , which is based on compressible nonhydrostatic equations. The domain of the numerical simulation comprised the area around Hokkaido divided into outer (30 × 30 grids at a 50 km interval) and inner domain (86 × 86 grids at a 10 km interval) in 20 vertical levels. We used the following set of scheme: the Mellor-Yamada Nakanishi and Niino Level 2.5 planetary boundary scheme (Nakanishi and Niino 2004) , the Kain-Fritsch cumulus parameterization (Kain 2004) , WRF SingleMoment 6-class microphysical scheme (Hong et al. 2004) , Rapid Radiative Transfer Model (RRTM) for longwave parameterization (Mlawer et al. 1997 ), Dudhia scheme for shortwave radiation (Dudhia 1989) , and Noah land surface model (Chen and Dudhia 2001) .
We performed two types of experiments, namely past and future climate runs. For the past climate run (CTL run), we used the 6-hourly data of the National Centers for Environmental Prediction (NCEP) reanalysis 2 (Kanamitsu et al. 2002) and the daily optimal interpolation SST (OISST) data (Reynolds et al. 2007 ) with a spatial grid resolution of 0.25° as the initial and lateral boundary conditions. We do not use observed sea-ice concentration since it is hard to obtain future sea ice distribution in Okhotsk Sea with high resolution. Instead, we diagnosed sea ice where surface skin temperature is below 271 K so that future sea ice distribution is estimated by the same manner. Model integration was conducted from 1 October to the end of May for 10-year period in 1990s.
For the future climate run (PGW run), we used the Coupled Model Intercomparison Project (CMIP3) multi-model dataset in the past (1990−1999) and future climate (2090−2099), based on the A1b scenario in IPCC Special Report. We selected MIROC3.2 (medres) and MRI-CGCM2.3.2, because the sensitivity of surface albedo to surface air temperature change is moderate in cryosphere regions in the former, whereas the latter is the lowest in the CMIP3 models (Hall and Qu 2006) . The boundary conditions of the PGW run were obtained by adding the difference between the future (2090s) and past (1990s) climates simulated by each GCM (monthly temperature, geopotential height, horizontal wind, and SST) into the 6-hourly NCEP2 and daily OISST data. The relative humidity was assumed to be equal to that of the present climate, which means that the absolute amount of water vapor was expected to increase owing to global warming because the saturation vapor pressure increases with temperature. Model integration was conducted as well as the CTL run. We focus on the CTL (1990s) and PGW (2090s) runs in both the 10-year mean.
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Satomura 1991). In the MIROC-PGW run, the convergent band weakens and westerly anomalies occur over the west coast of Hokkaido and the Okhotsk Sea (Fig. 3b) , suggesting a weakening of the convergence cloud band, whereas in the MRI-PGW run there is no significant difference ( Supplementary Fig. 4b ).
In the rest of this paper, we focus on the MIROC-PGW run that have a higher sensitivity of surface albedo to surface air temperature change. Figure 4a shows the surface air temperature
Results
Using the WRF model, simulated snow depth shows good agreement with the observation in northern Japan (Hara et al. 2008) . Figure 1 shows wintertime snow and precipitation differences (PGW minus CTL) based on the MIROC3.2 (MIROC-PGW). Our result also shows that heavier snow depths are distributed along the west coast of Hokkaido and central mountainous areas in the CTL run ( Fig. 1; top left) . The ratio of snowfall to total precipitation exceeds 50% over the wide area of Hokkaido, while over the Pacific coastal areas is low. Although the ratio of snowfall to total precipitation appears to decrease uniformly over Hokkaido in the MIROC-PGW run ( Fig. 1; top right) , snow depth (ΔSD) decreases significantly over the mountainous areas, whereas snow cover (ΔSC) decreases mainly over plain areas. The reduction in snow depth attributes to decreased snowfall that occurs strongly over the mountain. These snow reductions are consistent with Hara et al. (2008) and global warming simulations by a high-resolution atmospheric GCM (Hosaka et al. 2005) , while a coupled RCM by Japan Meteorological Agency shows increasing trend in snow depth over the mountainous areas only in Hokkaido (JMA 2008) . In the PGW run based on the MRI-CGCM (MRI-PGW), snow reductions are not as significant as the MIROC-PGW run (Fig. 2) . These results are consistent with the fact that the sensitivity of surface albedo to change in surface air temperature is lower in MRI-CGCM than that in MIROC3.2 (Hall and Qu 2006) , which indicates different strength of surface snow albedo feedback during the studied period.
Despite the snow reductions, precipitation (ΔPrecip) increases over central mountainous areas in both PGW runs because of increased water vapor content. In the MIROC-PGW run, interestingly, precipitation decreases over the Japan Sea and neighboring coastal areas, especially over southwestern Hokkaido. This decreased precipitation does not occur along the west coast of Hokkaido, where the strongest convergent is simulated in lower layer (Fig. 3a) . Rather, the precipitation anomalies are more likely to correspond with the convergence cloud band from off the west coast of Sakhalin to Hokkaido. The convergence cloud band is formed by convergence between cold northwesterly from the Eurasian continent and anticyclonic circulation over the Okhotsk Sea and Hokkaido (Nagata and Ikawa 1988) . The convergence cloud band and/or a meso-scale cyclone that appears off the west coast of Hokkaido lead to heavy snowfall (e.g., Sasaki and , ratio of snowfall to the precipitation in the CTL run, and its difference (PGW−CTL). Bottom panels: Snow depth (ΔSD; cm), snow cover (ΔSC; %), and precipitation (ΔPrecip; mm) differences. The PGW run is based on the MIROC 3.2. difference during winter. Surface air temperature increases significantly over plain areas, corresponding to the area with decreased snow cover (Fig. 1) . Figure 4b shows the change in α (surface albedo) induced by a unit change in surface air temperature, which means the sensitivity of surface albedo to change in surface air temperature (Hall and Qu 2006) . Decreased snow albedo accelerates surface warming over plain areas. On the other hand, over the Okhotsk Sea, relatively weaker ice albedo feedback is recognized in spite of the largest surface temperature warming in the MIROC-PGW run (Fig. 4a) . Although sea-ice decline significantly occurs as the ice edge retreats over the Okhotsk Sea in the MIROC3.2 ( Supplementary Fig. 1 ), the diagnosed sea ice decline in MIROC-PGW is weaker than that in the parent GCM (not shown), which indicates the sea-ice decline is underestimated in the current study. For most CMIP3 models, however, it is still difficult to resolve sea-ice distribution near Hokkaido mainly due to lack in horizontal resolution.
To understand the cloud response to climate change over the Japan and Okhotsk Seas, we show vertical cross-sections of lower atmospheric parameters in mid-winter (February) along 45°N. In the CTL run, a large amount of lower cloud occurs due to the convergence cloud band over the Japan Sea associated with cold and dry air masses from the Eurasian continent (Fig. 5a ), resulting in heavy snowfall over the west coast of Hokkaido. In the MIROC-PGW run (Fig. 5b) , lower cloud decreases over the Japan Sea, whereas over the Okhotsk Sea, downstream cloud significantly increases with height, because of enhanced westerly (Fig. 5c ) and the modification of air due to the heat and moisture supply from the Okhotsk Sea.
Relative humidity distribution also supports the contrasting cloud responses between the Japan Sea and Okhotsk Sea side against the climate change (Fig. 5c) . Drier air mass is seen over the Japan Sea, whereas over land (around 142°E) and the Okhotsk Sea wetter air mass is dominant, in good agreement with cloud changes. Over the Japan Sea, snow and ice cloud significantly decreases as a result of increased air temperature (Fig. 5d) , although rain water slightly increases (not shown). Furthermore, because sea-air temperature difference (SST−T 2 ) decreases in the warming climate, upward surface sensible and latent (turbulent) heat fluxes decrease slightly over the Japan Sea ( Supplementary Fig. 3 ), also contributing to reduced lower cloud for the drier air conditions. On the other hand, stronger surface warming over the Okhotsk Sea is principally caused by greater upward turbulent heat flux ( Supplementary Fig. 3 ). In addition, ice albedo feedback (Fig.  4b ) and increased downward longwave radiation due to increased cloud contribute to surface warming there. Indeed, downward shortwave radiation increases over the Japan Sea, whereas it decreases over the Okhotsk Sea, as a result of the contrasting cloud changes. The atmospheric response to future climate change over the Japan Sea exhibits relatively drier conditions mainly due to a weakening of the convergence cloud band, which in turn results in decreased precipitation over the Japan Sea and neighboring the coastal areas. Over the Okhotsk Sea, however, enhanced northwesterly absorbs heat and water vapor from the open water after the sea ice decline, forming increased amount of lower cloud, although the enhanced westerly may partly contribute to the moisture transport from the Japan Sea to the Okhotsk Sea.
Summary and discussion
We have evaluated the influence of the climate sensitivity in the intermodel bias by the PGW method using multiple GCMs, focused on future climate change in heavy snowfall region around Hokkaido. The PGW method can help to project future regional climate change in terms of meso-scale climate system. The PGW experiments show that snow depth decreases significantly over mountainous areas, and snow cover decreases mainly over plain areas, which accelerates surface warming due to the decreased snow albedo. Wintertime precipitation increases mainly over central mountainous area but decreases over the Japan Sea and neighboring coastal areas in the MIROC-PGW run. This decreased precipitation is principally caused by a weakening of the convergent band over off the west coast of Hokkaido. Enhanced westerly contributes to a weakening of the convergent band in the future climate, probably resulting in decrease of heavy snowfall in the west coast of Hokkaido.
Future sea-ice trend over the Okhotsk Sea shows a greater decline in the MIROC3.2 than that in the MRI-CGCM (Supplementary Figs. 1 and 2) , reflecting the sensitivity of surface albedo to surface air temperature change in both GCMs. The sea-ice decline is expected to produce cyclonic anomalies over the entire Okhotsk Sea (Honda et al. 1999) , probably resulting in enhanced westerly at near the convergence cloud band. Therefore, the difference in sea-ice projection may be responsible to the different precipitation changes between the MIROC-and MRI-PGW runs. Sensitivity experiments on sea-ice effect is demanded to further understand the ice-cloud feedback. Our results suggest that cloud feedback plays an important role as well as snow and seaice feedbacks for future change in cryospheric regional climate. Because CMIP3 models tend to underestimate the present surface albedo feedback (Flanner et al. 2011) , GCMs that have a higher sensitivity of surface albedo to surface air temperature change is expected to give more plausible future regional climate prediction in cryosphere regions.
